Introduction Laparoscopic (LHR) and open (OHR) inguinal hernia repairs are both used to treat primary herniae. This study analyses the rates of operation for recurrence after laparoscopic and open inguinal hernia repair, at a population level, while considering competing risks, such as death and other operative interventions.
Introduction
Inguinal herniae are common, with an estimated prevalence of 1.7% across all ages and 4% in people over the age of 45 [1] . The lifetime risk of developing an inguinal hernia is 27% in males and 3% in females [2] . Herniation may be complicated by gastrointestinal obstruction and strangulation of abdominal viscera, and can be a source of ongoing pain [1] . Elective inguinal hernia repair aims to prevent these potential complications and remains one of the most commonly undertaken operations in general surgery [3] .
For several decades, the mainstay of treatment was an "open" repair, using a prosthetic (often polypropylene) mesh [4] with reduced risk of recurrence when compared to an open suture repair [5] . In the early 90 s, minimally invasive approaches were introduced [6, 7] . Since then, laparoscopic repair has become increasingly utilised [8] . Advocates of the laparoscopic repair describe reduced incision size, reduced acute pain and a faster time to recovery, with similar complication rates to open repairs [9] [10] [11] [12] [13] . However, open hernia repair remains a commonly performed procedure. Unlike operations such as cholecystectomy, the laparoscopic technique has not superseded open operations in terms of numbers being undertaken [14] .
Recurrence rates [15] [16] [17] [18] and serious intraoperative complications [3, 19] have, in some studies, been found to be higher following laparoscopic than open operations, some of which have been attributed to the early implementation [17] or lack of standardisation of laparoscopic techniques [20] . Recurrence is a key outcome in hernia surgery, and usually requires re-operation. Such re-operations are also associated with worse outcomes than primary repair [27] [28] [29] .
The two techniques have been mostly compared using case-control studies and randomised controlled trials [18, 24, 25 ]. An early trial [18] showed a recurrence rate of 10.1% in laparoscopic repairs versus 5% for open operations at 2 years. However, studies with a longer follow-up time, recurrence rates for laparoscopic and open repair have been shown to be 3.8% and 3.0%, respectively, at 4 years [25] , and 4.1% and 4.9% at 7 years [19] . As these timeframes are relatively short, it is conceivable that any potential differences in outcomes between the two techniques may only become apparent later than most randomised trials' follow-up periods. Indeed, one study that reported 20 year outcomes of a small randomised controlled trial comparing the two techniques showed a significantly higher recurrence rate in the laparoscopic group (25.7% versus 9.7%) [17] . Meta-analyses have been inconsistent in their conclusions with some showing an increased recurrence risk with laparoscopic procedures [15] and others showing comparable results to open repairs [26, 27] . Thus, the outcome profile of laparoscopic in comparison to open inguinal hernia operations remains unclear nearly 3 decades after its introduction.
There are few longitudinal studies comparing the need for surgery for recurrence between the two techniques and those that are available utilized data that are now historical [16, 28] . Longitudinal assessments require careful consideration of competing risks. For example, mortality will clearly prevent the potential for a recurrent hernia repair. Such competing risks are increasingly recognised as an important methodological concern in the surgical literature [29] . In this study, the risks of recurrent inguinal hernia repair requiring re-operation, following initial open and laparoscopic surgery, over a 19 year timeframe, using a populationbased longitudinal data set, after adjusting for covariates and accounting for competing risks were compared.
Methods

Design, setting, and data source
This is a longitudinal cohort study. Data were obtained from the Information Services Division (ISD) of the National Health Service (NHS) in Scotland, which collects hospital episode data for the whole of Scotland. Every patient has a unique identifier, which allows their medical history to be tracked over time, even if admitted to another hospital. Anonymised individual patient data were obtained including operation type, diagnosis, further hospital admission and demographic data [age, gender and postcode-derived socioeconomic deprivation indices, expressed as Scottish Index of Multiple Deprivation (SIMD) quintiles].
Case definitions
Information Services Division records are coded using the International Statistical Classification of Diseases and related health problems version 10 (ICD-10) system for diagnoses and the Office of Population Censuses and Surveys Classification of Surgical Operations and Procedures 4th revision (OPCS-4) for operations. All coders are trained in Scottish Clinical Coding standards.
The index procedures for this study comprised any operation for primary inguinal hernia conducted in Scotland between 1/4/96 and 1/1/15. The ICD-10 codes K40.2 (Bilateral Herniae without obstruction or gangrene) and K40.9 (Unilateral Hernia without obstruction or gangrene), admitted and operated in an elective manner were included. Coding of the laterality of the hernia (left or right) was not available for this cohort. Recurrent repairs, patients aged less than 18 years, emergency procedures and patients whose initial operation was recorded as being associated with gangrene or obstruction were excluded. Any inguinal hernia reoperation subsequent to these index procedures was defined as a recurrent repair.
The surgical approach was defined by OPCS 4 code T20 
End points
The primary end-point was re-operation for recurrent inguinal hernia, electively or as an emergency. This was defined as an OPCS4 procedure code for further ipsilateral inguinal hernia repair (OPCS4 codes T21x). (If the initial operation had been a bilateral repair, then a further operation on either side was included as a recurrence).
Statistical methods
Analyses were conducted using Stata ® (StataCorp LLC, College Station, Texas, USA) version 15. Continuous variables were described using mean and standard deviation (SD) or median and interquartile range (IQR) depending on the distribution of the data. Categorical variables were described using frequencies and percentages.
A time-to-event analysis approach was used where the event of interest was having an operation for recurrent inguinal hernia. There were two other types of events that had to be considered: (1) mortality needed to be regarded as a competing event; (2) those receiving operations for contralateral primary hernia repair (because of the structure of the Scottish database). If two primary operations are conducted it is not possible to accurately determine if a subsequent reoperation relates to the original (index) procedure or the later operation on the other side. This was due to the non-recording of laterality of hernia operations in this data set. Non-recurrent (primary contralateral) hernia operations were therefore treated as censored in the analysis since the recurrence status of the index operation thereafter becomes unknown. Patients receiving a bilateral hernia operation as part of the index procedure were, however, included in the analysis as all subsequent reoperations must be related to the index procedure.
Kaplan-Meier survival graphs are not recommended in the presence of competing risks as they do not consider possible dependence between these risks. Instead, it is considered more appropriate to present the cumulative incidence function (CIF) [30] . There are two main approaches to the analysis of competing risks when adjustment for confounders is required. For prognostic research questions, where the main aim is to calculate survival probabilities, the sub-distribution hazards approach of Fine and Gray [31] is recommended. When the aim is to investigate the magnitude of an effect size (hazard ratio) the multivariate cause-specific proportional hazards model is generally indicated [30] . The latter approach was chosen and implemented using a standard Cox proportional hazards regression model predicting time to reoperation with censoring for both mortality and nonrecurrent hernia operations. Results are presented using hazard ratios (HR) with 95% confidence intervals (CI). Two similar models predicting time to mortality and non-recurrent hernia operations were also conducted. In addition, CIFs for all three analyses by type of operation were produced using the stcrreg procedure in Stata. In this approach, anyone experiencing a competing event is considered to be technically at risk throughout the study period.
As the type of operation received could be related to the characteristics of the patient, it is important to control for potential confounding factors. All analyses were adjusted for age, gender, Sottish Index of Multiple Deprivation (SIMD) quintile, bilateral status of the index operation and year of procedure (expressed as years since 1996).
Approvals
This project was reviewed by the Public Benefit and Privacy Panel (PBPP) of the Information Governance division of the NHS Scotland and approved. Data were obtained through and analysed on the secure Data "Safe Haven" in the University of Aberdeen. The project was funded with NHS Grampian endowment funds.
Results
Baseline characteristics
Over the 19 year time period, 91 905 patients had inguinal hernia surgery. Of these patients, 3315 were excluded because their initial surgery during the study period was a recurrent repair (i.e. their initial operation was undertaken before the start of the data capture period). A total of 88,590 patients were therefore included. There were 82,917 male patients (93.6%) and 5673 females (6.4%). Median follow-up was 9.8 years (interquartile range 5.7 to 14.6 years). There were 22,184 deaths (25.1%) during the follow-up period occurring at a median of 6.7 years after initial operation (interquartile range 3.4-10.8 years). There were 10,145 laparoscopic cases (11.5%) and 78,445 open cases. Of the laparoscopic cases, there were 210 conversions to open procedures (2.1%). Figure 1 demonstrates a flow chart of the patient cohort and follow-up. Table 1 shows the demographic and outcome differences of the cohort by operative technique. As a proportion, more bilateral hernias (43.8%) were repaired laparoscopically than unilateral (8.9%). Patients who had laparoscopic repairs were younger and had a shorter median follow-up. The number of laparoscopic cases has increased over time.
Patients from more affluent areas were more likely to have had laparoscopic surgery.
Operation for recurrence: time-to-event analyses
There were a total of 1759 operations for recurrence (2.0% of total): 1397 in the open group (1.8%) and 362 (3.6%) in the laparoscopic group (Table 1) . The Cox regression model for time to reoperation for recurrence is shown in Table 2 . After adjusting for covariates those receiving a primary laparoscopic repair had greater hazard of having a recurrence than those receiving a primary open repair (hazard ratio 1.83, 95% confidence interval 1.61-2.08, p < 0.001). Faster time to reoperation for recurrence was also associated with being older (hazard ratio for 1 year increase in age 1.001, 95% confidence interval 1.007-1.013, p < 0.001), being in a higher socioeconomic category (hazard ratio for 5th quintile (least deprived) compared with 1st (most deprived): 1.18, 95% confidence interval: 1.01-1.38, p = 0.04) and having a bilateral index operation (hazard ratio: 2.53, 95% confidence interval: 2.22-2.88, p < 0.001). Females (hazard ratio: 0.42, 95% confidence interval 0.31-0.56, p < 0.001) and those with index operations later in the study period (hazard ratio for one year increase: 0.98, 95% confidence interval: 0.97-0.98, p < 0.001) had a lower hazard of reoperation.
As a greater proportion of those undergoing laparoscopic surgery had bilateral hernia repair, a sensitivity analysis excluding primary bilateral hernias was also conducted. The results were similar to the main study results ( Table 3) . On subgroup analysis by gender, laparoscopy had a higher rate of recurrence in both males (p < 0.001) and females (p = 0.048).
Cumulative incidence functions for recurrence, death and re-operation
The main analysis treated deaths and non-recurrent (primary, contralateral) operations as censored events. Table 2 shows the corresponding models predicting these events and treating the other two events as censored. Those with a primary open operation had greater hazard of dying (hazard ratio 0.87, 95% confidence interval: 0.82-0.92, p < 0.001) and of undergoing a primary operation on the other side (hazard ratio: 0.85, 95% confidence interval: 0.78-0.94, p = 0.001), even after adjusting for age, gender, SIMD quintile, bilateral status and year of operation. Figures 2,3,4 show the cumulative incidence functions for the three events (recurrence, mortality, and primary contralateral repair). These confirm that the laparoscopic group was more likely to require reoperation for recurrence, but were less likely to die or to have a contralateral repair.
Discussion
This longitudinal cohort study is one of the largest of its kind. The inclusion of more than 88000 primary inguinal hernia repairs, followed up for a median of nearly 10 years, allows a truly population-wide description of recurrence rates in Scotland. By adopting this study design, the rates of repeat operation after primary hernia surgery in the "reallife" setting, outwith the context of a controlled trial were observed.
The increase in the uptake of laparoscopic hernia surgery amongst Scottish surgeons is clearly demonstrated in this study. More than a fifth of cases in the last 5 years of this study were performed laparoscopically compared to one in twenty in the first 5 years of the study. However, most cases remain open repairs. Laparoscopic repair was associated with an increased risk of requiring surgery for a repair to a recurrent hernia. A faster time to requiring an operation for [32] [33] [34] . Indeed, the lack of consideration for such confounding variables on outcome has recently been described as one of the three common methodological issues observed in population studies [29] . Patients who have died cannot develop a recurrent hernia. In addition, those individuals with contralateral operations and subsequent unilateral recurrences, by the nature of the data coding in the Scottish data, had to be treated as censored in the further analysis. In performing time-to-event analyses controlling for age, gender, socioeconomic deprivation, bilateral status of the index operation, and the year the procedure was performed, it was possible to determine the recurrence rates of the two procedures whilst controlling for potential influencing factors. The findings of operation rates for recurrence being higher following initial laparoscopic surgery, compared with open, are in keeping with several previous, smaller studies [9, 15, 17, 18] , but the scale of the current study, both in terms of the size of the population, and length of follow-up, adds to this body of evidence.
Patients might be selected for a laparoscopic instead of open repair for a variety of reasons. Age, gender, and the presence of bilateral hernias appear to have influenced decision making in our cohort. Obesity, size of hernia, comorbidity and surgical experience are also likely to be contributory factors. Interestingly, patients from the most affluent postcodes in Scotland were more likely to have a laparoscopic repair than those living in the more deprived areas. However, data on co-morbidity or body habitus, both of which could also have influenced the choice of approach were not available. Affluence also was associated with an increased likelihood of recurrent hernia operations. This study has several strengths. It is one of only a few observational studies to use routinely collected, populationbased data. Cohort size and duration of follow-up in this work substantially add to the currently available evidence, and the analysis controlled for a number of important confounders. Furthermore, the competing risks modelling, controlling for confounding variables is a fundamental strength of this work.
This study also has limitations, the most important that it is reliant on the accuracy of coding. However, NHS Scotland uses only professional coders trained to maintain minimum coding standards. However, the data were not collected for the express purpose of hernia recurrence analysis and as such there is a risk of information bias. The current coding is also unable to distinguish between transabdominal pre-peritoneal procedures and totally extraperitoneal procedures. It was therefore possible to only have been able to analyse laparoscopic procedures as a combined group, rather than by subgroup. Another key limitation to this analysis is the inability to assess recurrence rates by expertise of the operating surgeon. Although individualised patient data were available, unique codes for the operating surgeon were inconsistently recorded. Furthermore, it is not possible to determine the frequency of the approach undertaken in the private sector. The differences in the cohort demographics may lead to confounding and differences observed could have been the result of factors other than the operative approach. However, the study size and our analytic approach reduce the potential of this problem.
The risk of recurrence after laparoscopic and open inguinal hernia surgery has been studied in a large number of trials and non-randomised studies. This population-wide cohort study, undertaken in the "real-life" setting, of hernia operations being conducted by unselected general surgeons, has permitted us to analyse the risk of recurrence using a large number of patients, over a prolonged follow-up period. A cumulative incidence function approach to control for risk of contralateral operation and death and controlling for cohort differences was adopted. With this, the risk of needing recurrent hernia surgery is higher following initial laparoscopic operations than open procedures. Reoperations for recurrences also are more likely to be required earlier.
These results question the notion that the two techniques have equivalent recurrence rates and support open inguinal hernia surgery as the preferred approach for primary inguinal hernia repair. 
